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Abstract 
Phosphorus is an abundant resource, even though the most economically attractive reserves are geographically concentrated, so that 
whether and when production will peak are highly uncertain.  However, analysis of the global use of phosphorus primarily in agriculture 
(including animal husbandry), reveals an exceptionally “leaky” supply chain: losses, including leaching from soils and animal excreta, 
amount to some 90% of the inputs.  The potential for innovation to improve the efficiency of phosphorus use is therefore enormous, going 
beyond recovery of phosphorus from waste water to reducing the losses from the whole use system.  Drivers to improve the system 
efficacy include the concerns over distribution and possibly security of supply and also the environmental impacts of phosphorus 
emissions.  Future production, use and price of phosphorus therefore depend as much on changes in food consumption and agricultural 
practices as on changes in mining and processing.  
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Selection and /or 
peer-review under responsibility of the scientific committee of SYMPHOS 2011. 
1. Introduction 
Rather than looking at any specific aspect of the phosphate industry, this contribution surveys the whole system for the 
supply and use of phosphorus in agriculture.  Other contributors to this volume, notably Professor P.-N. Giraud, explore the 
economics of phosphorus supply, so the focus here is on use.  The approach to be taken is termed industrial ecology, a new 
grouping of disciplinary approaches which attempts to understand and improve the flows of materials and energy through 
the economy.  
The basic idea behind industrial ecology is summed up by Figure 1, which is a very aggregated representation of the 
resource flows through the global economy which support human society.  A significant feature of Figure 1 is that waste is 
considered to remain available to the economy unless it is dissipated into the environment – i.e., into the air or water 
systems. As an example of this approach, old waste deposits – i.e., dumps, landfills, and tailings dams – are starting to be 
mined in many parts of the world.  However, the system for phosphorus is remarkably inefficient - phosphorus is used once 
(at most) but then dissipated, in what is known in industrial ecology as an “open” system.  Industrial ecology is concerned, 
inter alia, with how to move towards “closed loop” use of materials.  Why and how this might be achieved for phosphorus is 
one of the principal concerns of this paper.  
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Fig. 1 The Industrial Ecology Model of the Global Economy (after Clift [1])  
E – Emissions to the environment 
2. Phosphorus use and supply 
Phosphorus use exploded in the 1940s and 1950s, supported by the development of the modern phosphate industry.  
However, even in post-industrial areas, such as the South East of England, small-scale “artisanal” mining continued into at 
least the late 1950s, exploiting a narrow phosphorus-rich deposit, the upper greensand.  As elsewhere, current production 
economics have made the practice unattractive – according to Dawson and Hilton [2], Finland is the only European country 
where phosphate is still mined - but of course the deposit is still there.  This illustrates a point to be picked up later.  
2.1  Phosphorus Resources and Extraction 
Phosphorus prices rose in 2007 and particularly sharply in 2008 (see e.g. AEA Technology [3]), although they have now 
peaked and declined somewhat.  The price variations have been driven mainly by changes in agricultural production, driven 
in turn partly by ill-considered policy in Europe and the US promoting biofuel crops (Clift and Mulugetta [4]).  This 
illustrates a second significant point: when a resource whose short-term supply is limited by extractive capacity is traded as 
a commodity, the short-term supply can be highly inelastic.  As described in detail by Downey [5], this is the case for oil 
although longer term supply is much more elastic.  
For fossil fuels, particularly oil, there has been much discussion over the possibility that global production has or will 
peak.  Some authors, including Déry and Anderson [6] and Cordell et al. [7, 8, 9], have adapted the “Hubbert analysis” for 
oil to predict a peak in global phosphorus production.  The estimates by Cordell et al., which suggest that production of 
phosphate rock will peak before 2050, have attracted particular attention, leading to the formation of the Global Phosphorus 
Research Initiative (GPRI) and the declaration on global phosphorus security [10, 11]. A subsequent study by van 
Kauwenbergh [12] for the International Fertilizer Development Center (IFDC) sought to re-evaluate “global resources of 
phosphate rock suitable to produce phosphate rock concentrate, phosphoric acid, phosphate fertilizers and other phosphate-
based products”: it concluded that “there is no indication that phosphate production will peak in the next 20-25 years or 
even within the next century”.  In response, the GPRI [13] pointed out that “the reserve estimates in the IFDC report are 
highly conjectural” and that, even if the IFDC “reserves figure was accurate… there would still be a peak in the production 
of phosphorus this century”.  
The fact is that estimates of the time to a possible peak in phosphorus production are inherently very uncertain, due to 
uncertainties in estimates of the resource base and of future demand for phosphorus and to the complex interactions between 
demand and supply.  Even the terminology used to describe the resource base is variable but the following terms are widely 
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Reserves: known resources, economically extractable with current technology and prices;  
Reserve base: reserves plus resources which might become extractable if technologies and prices change (recognizing that 
the reserve base displays price elasticity that may be difficult to predict); 
Additional resources: further resources, usually marginal or sub-economic, not currently mapped or quantified.  
The uncertainty in the estimates increases going down the above list, as illustrated by the ranges of the figures in Table 1.  
Table 1 – Estimates of Global Phosphorus Resources, Gt: 
 US Geological Survey Range of other estimates 
Reserves 5 4-8 
Reserve base 14 6-22 
Additional resources 30 15-90 
2.2 Demand, Supply, Security and Emissions 
Going beyond uncertainties in the estimates, there are deeper reasons to be skeptical of any predictions of a production 
peak for phosphorus.  Giraud [14] has pointed out that Hubbert-style analysis is only valid when a specific set of conditions 
apply, and they do not apply to phosphorus. Furthermore, there are two important qualitative differences between 
phosphorus and carbon-based fossil fuels (see Table 2): phosphorus is in principle recoverable after use (see Figure 1) but is 
not substitutable by any other resource because it is an essential element for almost all life-forms.  Even the definition of 
global phosphorus resources is ill-defined and uncertain (see Table 1), so that supply is elastic in the long term.  As Liu et 
al. [15], Villalba [16] and van Vuuren [17] have pointed out, phosphorus production will be determined by the balance 
between demand and supply and therefore cannot be understood properly by considering only supply.  Whether phosphorus 
production peaks in the coming decades will depend on whether increases in cost and concerns over long-term security of 
supply induce improvements in the efficiency of use.   
Table 2. Characteristics of Phosphorus and Carbon-based Fossil Fuels 
General characteristics Phosphorus Carbon-based fossil fuels 
Finite 9 9
Substitutable 8 9
Elasticity of supply 9 9
Elasticity of demand 9 9
Polluting emissions 9 9
Recoverable 9 8
Demand for phosphorus is dominated by agriculture, including animal husbandry, but widespread use of lithium batteries 
could lead to a significant additional demand1†. Even in the agricultural sector, there are uncertainties in future demand 
arising from the competing trends of intensification versus precision in agriculture, possible changes in dietary patterns and 
better management of the system for supply and use.  
Further pressure to improve the efficiency of use of phosphorus arises from the environmental impacts of phosphorus 
releases to water systems (see Brunner [19], Dumas et al. [20], Schröder et al. [21], Suh and Yee [22] and Chen et al. [23]), 
and also the impacts from the phosphorus supply chain including “slimes” and other solid waste (with significant radio-
activity) from phosphate processing and also energy use in mining and processing.    
It follows that projections of future production and use of phosphorus will remain very uncertain. There is a need for less 
simplistic analysis, recognizing that demand and supply are interlinked in rather complex ways.  The approach of 
conventional economic analysis is that scarcity drives prices to rise, which in turn drives innovation leading to more 
1 There are also significant uncertainties over the availability of lithium, which could in the long term affect the development and deployment of lithium 
battery technology [19].  Supply estimates for lithium (as for many rare earth metals) are further complicated by the fact that lithium is currently extracted 
as a co-product but a major rise in demand could see lithium mined in its own right.
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efficient use.  However, the price mechanism acts in parallel with concerns over possible future prices and security of 
supply which are not simply economic: reliance on a limited number of sources induces concerns, which drive greater 
efficiency of use regardless of price or scarcity per se. Supply concerns could even stimulate the re-opening of small-scale 
mining operations and more local use, something which is not included in the long-term projections.   
3. The industrial ecology of phosphorus 
To obtain a better understanding of the use of phosphorus and therefore possible future developments in the industry, it is 
valuable to quantify the flows of phosphorus through the human economy, i.e., to examine the industrial ecology of 
phosphorus. Figure 2 summarizes estimates for global flows of phosphorus through the agricultural sector in the form of a 
simplified Sankey diagram, derived from the work of Cordell et al [7] and others [15-17].  More detailed analyses of 
phosphorus flows have been developed for specific areas – specifically for the US by Suh and Yee [22], China by Chen et 
al. [23] and Australia by Cordell and White [24] - but the overall picture that emerges is consistent.  Figure 2 shows 
immediately how grossly inefficient is the current system of phosphorus use: the total input to food production is around 27 
x 106 tonnes per year (Mtpa), of which more than half (about 15 Mtpa) is mined, to deliver about 3 Mtpa in food. In other 
words, about 90% of the phosphorus entering the global food production system is lost without reaching the product.  Most 
of the phosphorus entering the food system is wasted by dissipation into the global water system rather than remaining 
concentrated as recoverable waste (cf. Figure 1), underlining the reasons why phosphorus pollution of water bodies is a 
problem.  However, it is to be noted that global phosphorus accumulation in soil is also significant [15-23] albeit uncertain 
because of the uncertainty in the estimates in Figure 2, especially for dissipation by soil erosion and leaching.  
The flow map in Figure 2 shows where innovation can best be focused in the use of phosphorus.  Attention is currently 
directed primarily to recovering and re-using phosphorus excreted by humans from waste water.  However, the maximum 
possible reduction in primary demand for mineral phosphorus by recycling excreta is small, around 20%.  There could be 
some environmental advantages by reducing phosphorus pollution in urban areas (see, for example, Chen et al., [23]).  
However, if the recycled phosphorus is in a more soluble form which is readily leachable from soil, pollution of water 
bodies in agricultural areas could be worsened while the benefits to the overall industrial ecology will be slight.  Moreover, 
the practice of recovering phosphorus from waste water and applying it to land is banned in some EU countries (see Dawson 
and Hilton [2]). 
Much greater improvements in efficiency can be achieved by addressing the low efficiency of phosphorus utilization in 
agriculture, including animal husbandry.  Animal husbandry, particularly for beef and dairy products, is increasingly 
recognized as a major global source of climate-forcing greenhouse gases, see, for example, Cederberg et al. [25].  Figure 2 
shows that it is also one of the biggest sources of dissipative phosphorus loss.  For example, most of the phosphorus imports 
into Australia are used in cultivating feed for animals, with about half dispersed as excreta according to Cordell and White 
[24].  Thus, in addition to climate impacts, phosphorus use is a further reason cited for switching from meat- and dairy-
based to vegetarian diets: Cordell et al. [7] estimate that, in round numbers, a vegetarian diet requires typically 0.6kg P per 
person per annum, compared with 1.6 for a diet including “First World” proportions of meat and dairy produce.  
Waste from animal husbandry is receiving increasing attention as a source of energy, for example by anaerobic digestion 
to produce biogas. If animal excreta are contained, possibilities open up for recovery of phosphorus as well as energy, for 
example from anaerobic digestate.  Crop residues and wastes from processing in the food supply chain are also being 
targeted for recovery and beneficial use.  Based on the estimates in Figure 2, the scope for improving the overall industrial 
ecology of phosphorus use by processing animal excreta and crop wastes is much greater than for recovery from human 
waste.  Part of the phosphorus in animal excreta is used beneficially as manure, but roughly half is currently lost as 
dispersed emissions to water.  Globally, this phosphorus originates primarily from vegetation on grazing land, which is 
coming under increasing pressure for conversion to more intensive uses (see Clift and Mulugetta [4] and Searchinger et al. 
[26], for example).  Therefore, there will be increasing pressure to reduce the input of phosphorus from vegetation as well as 
from mineral phosphate.   Additional benefits will arise, again, from reduced water pollution. Some of the recovery 
processes are likely to be operated on a small scale, complementing the possible trend towards distributed supply and use of 
phosphorus.   
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Fig. 2 The Industrial Ecology of Phosphorus: Simplified Global Mass Balance 
Based on Cordell et al [7] and others 
The possibilities for partially “closing” some of the phosphorus flows in Figure 2 complement trends, documented by 
Schröder et al. [21], toward more precision in the use of phosphorus, driven in part by cost but also by pollution problems 
and increasing concentration in soils (see above).  For example, AEA Technology [3] has reported that phosphorus use in 
the UK declined by about 40% from 1984 to 2004.  The trend toward a more precisely targeted use of fertilizers raises 
questions over the future of single-formula N-P-K fertilizers, representing another possible target for innovation.  
Thus future trends in demand for phosphorus in the agricultural sector will depend on realizing the possibilities for less 
profligate use, driven by increasing price and concerns over security of supply and the environmental impacts of dispersed 
phosphorus emissions.  Cordell et al. [8] have provided broad estimates for the possible contributions of recovery and re-use 
and of increased efficiency of use in reducing primary phosphorus demand.  Against the possible reductions in the 
phosphorus intensity of agriculture in the developed world, there is the trend towards more intensive, higher input 
agriculture in the developing world.  Given these conflicting and uncertain trends, forecasting of long-term phosphorus 
demand is inevitably unreliable.  Possible qualitative trends, with limited quantitative precision, can best be explored by 
scenario analysis; this approach is illustrated by the work of Cordell et al [8,9] and van Vuuren et al. [17]. 
4. Conclusions 
The future of the phosphate industry is at least as sensitive to changes in food consumption patterns and agricultural 
practices as it is to changes in mining and processing. Innovation in the industry therefore needs to be guided by a more 
complete understanding of the industrial ecology of phosphorus; i.e. the flows and uses of phosphorus in the global 
economy.  The greatest opportunities for improving the efficiency of use of phosphorus and reducing environmental impacts 
lie in agricultural production, most particularly in animal husbandry.  Collaborative innovation between phosphorus 
producers and agricultural users has the potential to benefit both parties.  Scenario development and analysis can inform 
innovation in the industry, probably more effectively than conventional forecasting.  
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